Abstract The ventral pallidum (VP) is a part of the ventral striatopallidal system and is involved in rewardrelated behaviors. The VP is composed of a ventromedial (VPvm) and a dorsolateral (VPdl) subregion, and some rostral-caudal differences are reported. Study of the VP often focuses on the subcommissural VP, typically considered homogenous in spite of known subdivisions. In this work, we used slice electrophysiology combined with immunohistochemistry for marker neuropeptides to test whether the subcommissural VP is functionally homogenous. Using sagittal slices, we show that more lateral levels (2.40 mm) of the subcommissural VP are homogenous but that a more medial slice (1.90 mm) contains two types of neurons. One type, located more caudally, resembles neurons in the lateral subcommissural VP, with long aspiny dendrites, primarily GABAergic input, and characteristic electrophysiological properties, such as depolarized membrane potential and spontaneous action potential discharge. The second type of neuron, located mostly in the rostral subcommissural VP, shows properties that are akin to medium spiny neurons of adjacent regions, including spiny dendrites, major glutamatergic input, hyperpolarized membrane potential, and no spontaneous action potentials. The two types of neurons were present in both the VPvm and VPdl, implying that the mix is not a characteristic of histologically defined subregions. We conclude that at medial levels the rostral subcommissural VP contains a mix of typical ventral pallidal neurons and spiny neurons similar to those in adjacent regions. This observation needs to be considered when interpreting past experiments and designing future experiments in the subcommissural VP.
Introduction
The ventral pallidum (VP), first described by Heimer and Wilson (1975) , is a part of the ventral striatopallidal system and has been proposed to be a structure critical for translating motivation into motor output (Mogenson et al. 1980; Mogenson and Yang 1991) . Supporting this contention, the VP is involved in the expression of motor behaviors (Napier 1993) and sensorimotor information processing (Forcelli et al. 2012; Kodsi and Swerdlow 1997) , as well as plays a central role in reward-related behaviors, including addiction to drugs of abuse (Hiroi and White 1993; Root et al. 2012b; McFarland and Kalivas 2001; Hubner and Koob 1990; Martin et al. 2008; Panagis et al. 1995; Root et al. 2010 Root et al. , 2012a Skoubis and Maidment 2003; Smith et al. 2009; Tang et al. 2005; Wilson and Rolls 1990; Zarrindast et al. 2007 ).
The VP is composed of two primary populations of neurons. The majority of the neurons (about 80 %) (Gritti et al. 1993) are GABAergic neurons, which can be further divided into projection neurons and neurons that are proposed to be VP interneurons (Pang et al. 1998) . The remaining are cholinergic neurons that are part of the magnocellular basal forebrain cholinergic system. The GABAergic cells have aspiny or sparsely spined dendrites that, in projection neurons, can be as long as 1 mm or more in rats (Bengtson and Osborne 2000; Pang et al. 1998) . The soma size of these cells is bigger than that of the medium spiny neurons of the adjacent nucleus accumbens (O'Donnell and Grace 1993) , but smaller than the VP cholinergic cells (Bengtson and Osborne 2000) . Intracellular and extracellular recordings show that VP neurons, in contrast with nucleus accumbens cells, have a relatively depolarized membrane potential (about -55 mV) (Lavin and Grace 1996) , and show a variety of patterned spontaneous action potential discharge (Bengtson and Osborne 2000; Lavin and Grace 1996; Mitrovic and Napier 1995; Napier and Mitrovic 1999; Pang et al. 1998) .
Anatomically, the VP is continuous with the more dorsal globus pallidus and borders with the nucleus accumbens rostrally, and ventrally and caudally with the substantia innominata and parts of the extended amygdala (Heimer et al. 1997a, b) . The borders of the VP are defined on the basis of immunohistochemical staining for the peptides enkephalin and substance P (Haber and Nauta 1983; Switzer et al. 1982; Zahm and Heimer 1988) . Based on its histochemical composition and connectivity, the VP is traditionally divided into two main subregions: the ventromedial VP (VPvm) and the dorsolateral VP (VPdl) (Tripathi et al. 2010; Heimer 1988, 1990) . The ventromedial VP is rich in neurotensin (Heimer et al. 1991; Churchill and Kalivas 1994; Zahm and Heimer 1988) , innervated primarily by the nucleus accumbens shell subcompartment (NAshell) (Heimer et al. 1991) , and projects to the mediodorsal nucleus of the thalamus, the ventral tegmental area (VTA), and back to the NAshell (Churchill and Kalivas 1994; Groenewegen et al. 1993; Maurice et al. 1997; Zahm et al. 1996) . The dorsolateral VP, on the other hand, lacks neurotensin (Heimer et al. 1991; Zahm and Heimer 1988) , is innervated primarily by the nucleus accumbens core subcompartment (NAcore) (Heimer et al. 1991) , and projects to the substantia nigra, the subthalamic nucleus, and back to the NAcore (Groenewegen et al. 1993; Bell et al. 1995; Zahm et al. 1996) . In addition to the traditional histologically defined boundary, there is some evidence showing rostral-caudal differences in the VP. For example, the rostral VP projects to the NAshell, while the caudal VP projects to the NAcore (Churchill and Kalivas 1994) . Also, Smith and Berridge (2005) showed that microinjection of opioids into the caudal VP increases reactivity to sucrose while it has the opposite effect when injected into the rostral VP. Finally, Root et al. (2012a) found that during cocaine self-administration in rats, rostral VP neurons show a firing pattern that is distinct from caudal VP neurons.
In spite of apparent rostral-caudal distinctions in the VP, the majority of electrophysiological and behavioral experiments involve the subcommissural part of the VP (i.e. the portion of the VP lying beneath the anterior or posterior limbs of the anterior commissure) without evaluating differences on the rostral-caudal axis (for example, Johnson and Napier 1996; Tang et al. 2005) . Moreover, an in vitro characterization of VP cells in brain slices obtained from adult rats has not been conducted; although a few studies have been conducted in tissue obtained during the first week postpartum (Bengtson et al. 2004; Osborne 1999, 2000) . In this study, we took an unbiased approach and systematically sampled neurons along the rostro-caudal axis of the VP without subdividing the VP into its known subregions. To determine if rostral-caudal distinctions may exist in VP neurons in accordance with the behavioral and anatomical studies in adult rat, we use the whole cell patch clamp technique to test whether GABAergic neurons in the subcommissural VP show different characteristics depending on their location along the rostral-caudal axis.
Methods

Animals
All experiments were conducted in accordance with the National Institute of Health Guidelines for the Care and Use of Laboratory Animals, and the Institutional Animal Care and Use Committee at the Medical University of South Carolina approved all procedures. Male SpragueDawley rats (250 g) (Charles River Laboratories, Indianapolis, IN, USA) were single housed under controlled temperature and humidity with a 12-h light/dark cycle.
Immunohistochemistry
We used Met-Enkephalin antibody to define the borders of the VP as the VP was shown to contain high levels of enkephalin (Alheid and Heimer 1988; Gartner et al. 2002; Pickel et al. 2012; Tripathi et al. 2010) . Although not the aim of this paper, a differentiation between the VPvm and VPdl was achieved by differences in enkephalin immunoreactivity (Tripathi et al. 2010) and not by specific markers, such as neurotensin for the VPvm (Zahm and Heimer 1988) . Rats were deeply anesthetized with a mixture of ketamine HCl (100 mg/kg, Fort Dodge Animal Health, Fort Dodge, Iowa, USA) and xylazine (5 mg/kg, Lloyd Laboratories, Shenandoah, Iowa, USA) and transcardially perfused with phosphate-buffered saline (PBS) containing 4 % paraformaldehyde. Brains were post-fixed in PBS containing 4 % paraformaldehyde overnight at room temperature. Sagittal sections (100 lm) were washed in 0.3 % hydrogen peroxide, washed three times in PBS and incubated in PBS containing 0.3 % Triton-X (Sigma-Aldrich, Saint-Louis, MO, USA) (PBST) and 2 % normal donkey serum. Slices were then incubated with Met-Enkephalin antibody (rabbit, 1:2000, Immunostar, Hudson, WI, USA) for 48 h at 4°C, washed and incubated with biotinylated secondary antibody (donkey anti-rabbit, 2 ll/ml, Jackson Immunoresearch, West Grove, PA, USA). Following incubation, slices were incubated in PBST ? ABC kit (Vecstatin Elite ABC peroxidase kit, Vector Laboratories, Burlingame, CA, USA) (2 ll/ml each) for 90 min at room temperature. Finally, slices were transferred to Tris buffer containing diaminobenzidine (Sigma-Aldrich, Saint-Louis, MO, USA) (0.2 mg/ml) and hydrogen peroxide (0.1 ll/ml) for *7 min. Slices were then quickly transferred to PBS to stop the reaction and mounted to visualize enkephalin expression under a light Nikon microscope.
Immunocytochemistry for GAD67 and neurobiotin was conducted on some tissue slices used in the electrophysiology experiments described below. Patched neurons were filled with 0.3 % neurobiotin (Vector Laboratories, Burlingame, CA, USA), and 30 min after breaking the membrane of the cell the electrode was quickly pulled away and the slice was left in the chamber for 15 additional minutes to maximize neurobiotin diffusion. Slices were then fixed in PBS containing 4 % paraformaldehyde for 1 h, washed with PBST and incubated for 1 h (room temperature) in PBST containing Bovine Serum Albumin (BSA, Fisher Scientific, Fair Lawn, NJ, USA). Slices were then incubated with anti-GAD67 (mouse, 1:500, Millipore Corporation, Billerica, MA, USA) for 72 h at 4°C, washed and then incubated with the two secondary antibodies (streptavidin Alexa 488, 1:500, for neurobiotin; mouse Alexa 594, 1:500, for GAD67, Invitrogen Corporation, Carlsbad, CA, USA) for 2 h at room temperature. Slices were then mounted and the neurobiotin and/or GAD67 labeling visualized under a Leica confocal microscope (Leica TCS SP5 MP, Leica Microsystems GmbH, Wetzlar, Germany). Alexa 488 (labeling neurobiotin) was excited with an Argon 543 nm laser and the Alexa 594 (labeling GAD67) was excited with a Helium/Neon laser. Images were scanned along the z axis at 0.5 lm intervals with a frame size of 1,024 9 1,024 pixels. Z stacks were collapsed to one plain for presentation in the manuscript.
Slice preparation and electrophysiological recordings
Rats were anesthetized with ketamine HCl (100 mg/kg) and decapitated. The brain was removed and sagittal slices (220 lm) were prepared (VT1200S Leica vibratome, Leica Microsystems, Wetzlar, Germany) and collected into a vial containing aCSF (in mM: 126 sodium chloride, 1.4 sodium phosphate, 25 sodium bicarbonate, 11 glucose, 1.2 magnesium chloride, 2.4 calcium chloride, 2.5 potassium chloride, 2.0 sodium pyruvate, 0.4 ascorbic acid, bubbled with 95 % oxygen and 5 % carbon dioxide) and a mixture of 5 mM kynurenic acid and 100 lM MK-801 maleate. Slices were stored at room temperature until used. All recordings were made at 32°C (TC-344B, Warner Instrument Corporation). Neurons were visualized with an Olympus BX51WI microscope. Multiclamp 700B (Axon Instruments, Union City, CA, USA) was used to record postsynaptic currents (PSCs) under -80 mV voltage clamp whole cell configuration. Glass microelectrodes (1-2 MX) were filled with internal solution (in mM: 68 potassium chloride, 65 D-gluconic acid potassium salt, 7.5 HEPES potassium, 1 EGTA, 1.25 MgCl 2 , 10 NaCl, 2.0 MgATP, and 0.4 NaGTP, pH 7.2-7.3, 275 mOsm). Cholinergic cells, which comprise the minority of the cells in the VP (Gritti et al. 1993) , were avoided by virtue of their bigger soma and more hyperpolarized membrane potential (Bengtson and Osborne 2000) (although we cannot completely rule out occasional recording from a cholinergic neuron as we did not check for lack of immunoreactivity for the acetylcholine synthetic enzyme choline acetyltransferase in the recorded neurons). For histochemistry experiments, 0.3 % neurobiotin was added to the internal solution (see above). Data were acquired at 10 kHz, and filtered at 2 kHz using AxoGraph X software (AxoGraph Scientific, Sydney). To evoke PSCs, a bipolar stimulating electrode was placed *200-300 lm rostral of the recorded cell. The stimulation intensity that was chosen evoked a *50 % of maximal PSC. For mapping the VP (Fig. 1) , each slice was fully photographed (CCD-IR XC-EI50 video camera module, Sony Corporation, Japan), as was the electrode patching a cell, allowing for offline superimposition of the electrode image on the slice for exact location in the VP. Membrane potential, membrane capacitance, action potentials, and input resistance were collected for 30 s immediately after invading the cell to avoid changes produced by the internal solution. Otherwise, recording of spontaneous or evoked PSC started no earlier than 10 min after invading the neuron to allow diffusion of the internal solution to remote dendrites. Membrane capacitance and input resistance were calculated automatically from a 2 mV pulse by the acquisition program Axograph X. Membrane capacitance was used to calculate the cell's membrane surface area using Eq. 1:
where 4pa 2 is the cell's membrane surface area (in cm 2 ), C in is the membrane capacitance (in pF), and C m is the specific membrane capacitance which equals in most biological membranes to 1 pF/cm 2 . Using the membrane surface area, we could calculate the specific membrane resistance for each cell using Eq. 2:
where R m is the cell's specific membrane resistance (in X cm 2 ) and R in is the input resistance of the cell (in X) (Koester and Siegelbaum 2000) .
Recordings were collected every 20 s and averaged over 1 min. Series resistance (R s ) measured with a 2 mV depolarizing step (10 ms) given with each stimulus and holding current were always monitored online. Recordings with unstable R s , or when R s exceeded 20 MX, were aborted.
Statistics
Significance was tested using one-or two-way ANOVA with Bonferroni post hoc analysis for multiple comparisons between groups.
Results
Passive electrophysiological measures of VP cells
To study the characteristics of the subcommissural VP cells along the rostral-caudal axis, we used sagittal slices from adult rat brains. Enkephalin immunoreactivity was used to provide neurochemical delineation of the VP (Tripathi et al. 2010; Zahm et al. 1985; Gartner et al. 2002; Pickel et al. 2012 ) at mediolateral levels 1.90 mm (here referred to as ''medial slice'') and 2.40 mm (referred to as ''lateral slice'') ( Fig. 1a 1,2 ). The rostral borders of the VP were clearly delineated by enkephalin staining. The caudal borders were less distinct and in determining them we consulted previous works (Paxinos and Watson 2006; Tripathi et al. 2010) . To characterize the electrophysiological properties of the neurons in the VP, we used fresh brain slices at the same mediolateral levels as those shown in Fig. 1a . Using the whole cell patch clamp technique, we patched cells in the VP and obtained several measures shortly after the cell was invaded: membrane potential, membrane capacitance (which is representative of the amount of cellular plasma membrane), input resistance, specific membrane resistance (which reflects the membrane composition), and spontaneous action potential frequency. To describe differences in the cell types along a rostralcaudal axis, we divided all neurons into two groups in each mediolateral plane. The discriminating value for each measurement was chosen to be the median values of all cells recorded in the medial slice of the VP, since the VP in the medial slice showed more heterogeneity than the VP in the lateral slice.
Since this work is, to our knowledge, the first to systematically explore the electrophysiological characteristics of VP neurons, we took an unbiased approach and did not initially divide the cells into the known dorsolateral (VPdl) and ventromedial (VPvm) subregions of the VP. Examining the electrophysiological values of subcommissural VP neurons in the medial slice revealed two types of neurons (Fig. 1b 1 , c 1 , d 1 , e 1 , f 1 ). One type resembled previously reported neurons in the VP (Lavin and Grace 1996; Pang et al. 1998 ) and was located mostly in the caudal part of the VP (these cells are termed here ''type 1'' neurons). The other type of neuron showed different properties and was located largely in the rostral part of the VP (these cells are termed here ''type 2'' neurons). The rostral-caudal distinction is evident from maps prepared according to each of the measures of the neuron's passive electrical properties. Cells with a hyperpolarized membrane potential (\-60 mV) were located more rostrally, while cells with a depolarized membrane potential ([-60 mV) were located primarily in the caudal part of the VP (Fig. 1b 1 ) . Likewise, cells with low input resistance (\180 MX) and low specific membrane resistance (i.e. the resistance of the membrane per unit area, reflecting the density of channels in the membrane; \3,000 X cm 2 ) were mostly in the rostral VP, while cells with higher input resistance ([180 MX) and higher specific membrane resistance ([3,000 X cm 2 ) were caudal ( Fig. 1c 1 , d 1 ) . In addition, cells with low spontaneous firing rate of action potentials (\0.01 Hz) were located rostrally while cells with higher firing rates were located in the caudal VP (Fig. 1e 1 ) . Finally, most of the cells that showed higher membrane capacitance ([14.5 pF) were rostral, while cells with low membrane capacitance tended to be caudal (Fig. 1f 1 ) . In contrast to the medial slice, the subcommissural VP in the lateral slice (Fig. 1b 2 , c 2 , d 2 , e 2 , f 2 ) was more homogenous, containing mostly type 1 cells exhibiting values akin to neurons of the caudal VP in the medial slice. It should be noted that although the caudal parts of the subcommissural VP look homogenous electrophysiologically, there is a possibility that they also contain a mix of pallidal and other neurons, since it has been shown that parts of the central extended amygdala bordering the caudal-medial VP contain pallidal-like neurons (Alheid 2003) .
When dividing the VP (in both mediolateral planes) into rostral and caudal regions (Bregma 0.0 mm being the border), we found that on average the cells in the rostral VP of the medial slice, the majority of which are type 2 neurons, were different from the rest of the VP cells (i.e. type 1 neurons in the caudal VP of the medial slice and all lateral VP) in all measurements (Fig. 2a-e) . For example, type 1 neurons in the caudal VP of the medial slice and in the lateral slice had on average a more depolarized membrane potential [comparable to that found in previous work (Bengtson and Osborne 2000; Lavin and Grace 1996) ] and higher input resistance than type 2 neurons in the rostral VP of the medial slice (Fig. 2a, b) . Since the input resistance of a neuron depends on the membrane surface area of the neuron and the specific membrane resistance (Koester and Siegelbaum 2000) , the differences in input resistance could reflect differences in either of these parameters. Indeed, we found that the specific membrane resistance of type 2 neurons was lower (i.e. higher channel density) than that of type 1 neurons (Fig. 2c) , and that type 2 neurons had higher membrane capacitance than all other VP cells (Fig. 2d) . Also, type 1 neurons showed significant spontaneous firing of action potentials (Bengtson and Osborne 2000; Lavin and Grace 1996) , while most of the type 2 neurons did not fire at all (Fig. 2e) . Interestingly, the measures of the type 2 VP neurons were similar to those obtained from nucleus accumbens cells (leftmost bars in Fig. 2a-e) .
In addition to dividing the neurons based on their own properties, we also divided them into the known VP subregions, VPvm and VPdl. In determining the borders between the VPvm and VPdl, we relied on the fact that enkephalin staining is denser in the VPdl (Tripathi et al. 2010) . Also, we consulted previous work that used similar sagittal planes as we use here (Tripathi et al. 2010; Paxinos and Watson 2006) . In the lateral slice, we found no difference between the VPdl and VPvm in the electrophysiological properties of the neurons (Table 1) , as both subregions consisted mainly of type 1 neurons. In the medial slice, we found that the VPdl (positioned at the rostrodorsal end of the VP) consisted mainly of type 2 neurons, while the VPvm contained a mix of type 1 and type 2 neurons. Within the VPvm, the type 2 neurons were restricted to the rostral portion while the caudal part of the VPvm consisted of type 1 neurons. Thus, the electrophysiological properties of VPdl neurons in the medial slice were different than those in the caudal part of the VPvm, but not from those in the rostral part of the VPvm (Table 1) . If comparing the VPdl in the medial slice to the entire VPvm in the medial slice, differences can be found in all measurements (data not shown). However, the type 2 cells that predominate in the VPdl, also predominate ventral to the VPdl in the rostral VPvm of the medial slice, indicating that the classic histological demarcation of the VP is not capturing the different locations of the type 1 and type 2 neurons in the VP.
Supporting the different distributions of neurons between the medial and lateral slices, we found that while three of the measurements (i.e. membrane potential, capacitance, and input resistance, randomly selected) do not correlate with each other in the lateral slice (Fig. 3d-f) , in the medial slice the membrane potential was negatively correlated with capacitance and positively correlated with input resistance, and membrane capacitance was negatively correlated with input resistance (Fig. 3a-c) . This shows that generally cells having ''type 2'' values for one property (i.e. low input resistance) also have ''type 2'' values for the other two measurements.
Next, we examined whether there is a clear border between type 1 and type 2 neurons in the more medial slice of the VP or a gradual transition between the two types of neurons. For this analysis, we binned the maps from Fig. 1 (for membrane potential and membrane capacitance) into 0.1 mm columns and calculated the average membrane potential and capacitance for each column. As can be seen in Fig. 4 , the transition from type 2 neurons to type 1 neurons is gradual. Since we did not find in our measurements another type of cell other than the type 1 and type 2 neurons described above, the intermediate averages seen in the rostral part of the subcommissural VP reflect a mixture of type 1 and type 2 neurons. This is supported by the higher variance in the intermediate points compared to the variance in the accumbens or the caudal VP. The average coefficient of variation was 19.5 ± 3 % (rostral) and 11.1 ± 1.4 % (caudal) for membrane potential (p \ 0.05) and 27.5 ± 1.3 % (rostral) and 19.2 ± 0.9 % (caudal) for capacitance (p \ 0.01). In the intermediate points, we did not find that type 1 or type 2 neurons were restricted to the VPvm or VPdl (Table 1) . Thus, the high variance in the intermediate points cannot be explained by the inclusion of the two subregions in the same bin.
Rostral and caudal VP neurons in the medial slice are morphologically different
To examine the morphology of the cells in the VP, we patched cells with an electrode containing neurobiotin. Figure 5 shows representative images of the two neuron types in the medial slice and the lateral slice, revealing that the type 1 and type 2 neurons in the medial slice show morphological differences (Fig. 5a 2 , b 2 ) . The representative type 2 neuron reveals spiny dendrites that are relatively Fig. 2 Mean electrophysiological characteristics of neurons in the rostral and caudal VP at two mediolateral planes. a-e Mean ± SEM membrane potential (a), input resistance (b), specific membrane resistance (c), membrane capacitance (d), and frequency of spontaneous action potentials (e) in the nucleus accumbens and the VP.
Significance measured with one-way ANOVA. *p \ 0.01 compared to rostral VP in medial slice (blue bar), # p \ 0.05 comparing rostral and caudal VP in lateral slice to caudal VP in medial slice (red bar) using Bonferroni post hoc analysis. Numbers in columns represent number of cells. NAc nucleus accumbens, Ros rostral, Cau caudal short (200-300 lm); a morphology that is similar to medium spiny neurons in the nucleus accumbens (O'Donnell and Grace 1993) and to the adjacent parts of the extended amygdala (Alheid and Heimer 1988) . In contrast, the type 1 neuron has long, aspiny, dendrites that are more than 1 mm long. These cells resemble type I VP neurons from Pang et al. (1998) and type II globus pallidus neurons of guinea pig from Nambu and Llinas (1997) . Similar to the electrophysiological measurements, the type 1 VP neuron in the lateral slice is morphologically akin to the type 1 caudal neuron in the medial slice (Fig. 5c ). Note that in spite of having much shorter dendrites, the type 2 VP neurons exhibit a higher membrane capacitance, presumably a result of the large number of spines. When examining the presence of the two morphological cell types in VP subregions we found that neither type was restricted to the VPdl or VPvm of the medial slice (i.e. spiny type 2 neurons and aspiny type 1 neurons were found in the VPdl and VPvm of the medial slice). All cells showed immunoreactivity to GAD67, indicating that they are GABAergic neurons (cholinergic cells were avoided, see ''Methods'').
The rostral and caudal VP neurons in the medial slice receive different synaptic input
While the caudal cells in the medial slice show similar characteristics to those in the lateral slice, and previously characterized VP cells (Bengtson and Osborne 2000; Heimer et al. 1997b; Pang et al. 1998) , type 2 neurons in the medial slice show properties that are indistinguishable from those of nucleus accumbens (O'Donnell and Grace 1993) or extended amygdala (Alheid and Heimer 1988) medium spiny neurons. In addition, it has been shown that neurons from different subregions in the VP (ventromedial vs. dorsolateral VP) exhibit different density of synaptic input (Zahm 1989) . This raises the possibility that although the rostral part of the VP in the medial slice shows immunoreactivity to enkephalin, the cells in that region Fig. 4 The rostral VP in the medial slice contains a gradual change in the proportions of type 1 and type 2 neurons. The changes in the mean ± SEM membrane potential (open circles) and membrane capacitance (squares) from the caudal part of the nucleus accumbens to the caudal VP are presented on a rostral-caudal axis. The maps in Fig. 1b 1 , f 1 were binned into 0.1 mm columns and each datapoint here represents the average value of all neurons in the same column. Membrane potential gradually changed from -72.9 ± 2.8 mV in the accumbens to -44.0 ± 1.7 mV in the caudal VP. Membrane capacitance gradually decreased from 19.6 ± 1 pF in the accumbens to 11.9 ± 1.1 pF in the caudal VP. The average coefficient of variation was higher in the rostral VP than in the accumbens or the caudal VP for both measures (note bigger error bars in rostral VP), indicating that the rostral VP is a heterogenous transition zone between type 1 and type 2 neurons. Dashed lines represent the border between the VP and the accumbens (left line) and the estimated border between the rostral and caudal VP (right line) Although this specific neuron was located in the VPdl, other type 2 neurons in the medial slice were located also in the VPvm. a 2 Micrograph of the immunoreactivity to neurobiotin of the rostral VP neuron. Inset a dendrite segment in higher magnification showing density of spines on the dendrite. a 3 Immunoreactivity of the soma to neurobiotin. a 4 Immunoreactivity of the soma to GAD67 (indicating it is a GABAergic neuron). a 5 Micrographs from a 3 and a 4 superimposed. The dent in the soma was produced by the patching electrode. b 1-5 Same as in a but for a type 1 neuron located in the caudal VP of the medial slice. Cells were found both in the VPdl and in the VPvm. c 1-5 Same as in a but for a type 1 neuron located in the lateral slice of the VP Fig. 6 The effects of CNQX, an AMPA/kainate receptor blocker, and picrotoxin, a GABA A receptor blocker, on evoked (ePSCs) and spontaneous (sPSCs) postsynaptic currents in VP neurons. a The effect of application of either 10 lM CNQX or 50 lM picrotoxin on the ePSC amplitude depended on the cell type (F (6,66) = 14.77, p \ 0.0001 for interaction between treatment 9 cell type, two-way ANOVA). Application of 10 lM CNQX inhibited the ePSCs in type 2 neurons from the rostral VP but not in type 1 VP neurons. Fifty micromolar picrotoxin inhibited ePSCs in VP type 1 neurons but not in type 2 neurons. Co-application of both antagonists completely blocked the ePSCs in both types of neuron. Inset the average raw amplitude of the ePSC did not vary between cell types. b The effect of application of either 10 lM CNQX or 50 lM picrotoxin on the sPSC amplitude depended on the cell type (F (6,66) = 2.75, p \ 0.05 for interaction between treatment x cell type, two-way ANOVA). Application of 10 lM CNQX increased the average amplitude of the sPSCs in VP type 2 neurons but not VP type 1 neurons. Fifty micromolar picrotoxin inhibited the amplitude of the sPSCs in VP type 1 neurons but not in type 2 neurons. Co-application of both antagonists completely inhibited the sPSCs in both cell types. Inset the average raw amplitude of the sPSC did not vary between cell types. c The effect of application of either 10 lM CNQX or 50 lM picrotoxin on the sPSC frequency depended on the cell type (F (6,66) = 6.27, p \ 0.0001 for interaction between treatment x cell type, two-way ANOVA). Application of 10 lM CNQX decreased the frequency of sPSCs in type 2 neurons but not in type 1 neurons. Fifty micromolar picrotoxin decreased the frequency of sPSCs in all VP neurons. Co-application of both antagonists completely blocked spontaneous activity in all VP cell types. Inset the average raw frequency of sPSCs was higher in type 1 VP neurons from the lateral slice than in type 2 VP neurons from the medial slice, but no differences were found between type 1 and 2 neurons in the medial slice or between type 1 neurons in the lateral and medial slices. d-f Representative traces of ePSCs (left) and sPSCs (right) in type 2 (d), type 1 (medial slice) (e), and type 1 (lateral slice) (f) VP neurons for all experimental conditions. # p \ 0.01 each column compared to its control using Bonferroni post hoc analysis. *p \ 0.01 each column compared to the type 1 caudal VP (lateral slice) column (the middle column in each group) within the same treatment using Bonferroni post hoc analysis. ? p \ 0.01 compared to type 2 neurons using Bonferroni post hoc analysis. Numbers in or above column indicate number of cells may resemble adjacent regions not only in their morphology and electrophysiology, but also in the information they receive from other brain regions. To test this, we compared the synaptic inputs between the two types of VP neurons, since it is known that the primary input to the accumbens and the extended amygdala is glutamatergic (Fuller et al. 1987; Yin and Knowlton 2006; Kelley et al. 1982) and the input to the VP originates largely from GABAergic neurons in the nucleus accumbens (Churchill and Kalivas 1994; Groenewegen et al. 1990; Heimer et al. 1991) . We measured the effects of 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) (10 lM), an AMPA/kainate glutamate receptor blocker, and picrotoxin (50 lM), a noncompetitive GABA A receptor antagonist, on the amplitude of evoked postsynaptic currents (ePSCs) and on the amplitude and frequency of spontaneous postsynaptic currents (sPSCs). Figure 6 shows that akin to the passive electrophysiological properties, type 2 neurons differed from type 1 neurons. CNQX inhibited the amplitude of ePSCs in type 2 neurons, but was largely without effect on the rest of the VP neurons (Fig. 6a , representative traces in Fig. 6d-f) . Picrotoxin elicited opposite results, inhibiting ePSCs in type 1 neurons, but not in type 2 neurons.
The same distinction in predominant afferent input was true for the amplitude and frequency of sPSCs (Fig. 6b-c) . Following CNQX treatment, the amplitude of the sPSCs was increased only in type 2 neurons. The paradoxical increase in sPSCs amplitude after blocking AMPA receptors is probably because we employed a high chloride internal electrode solution. The high-chloride internal produces large GABA A -mediated chloride currents, and by blocking the smaller glutamate-dependent sodium currents the average amplitude was increased. Also note that treatment with CNQX did not decrease the sPSCs frequency in type 1 VP neurons. This is because some cells showed a reduction in the sPSC frequency but in others the frequency of the GABAergic sPSCs was increased after CNQX. In contrast to the effect of CNQX, picrotoxin decreased the amplitude and frequency of sPSCs in type 1 VP neurons (note that picrotoxin decreased sPSC frequency in type 2 neurons as well, indicating some spontaneously active GABAergic input to those cells). Importantly, co-application of both antagonists completely blocked ePSCs and sPSCs in all regions and cell types, implying that the majority of ionotropic input to VP neurons is glutamatergic and GABAergic.
Discussion
The VP has been described mainly using histochemical methods, while electrophysiological characterization of VP cells is sparse. Here, we used both histochemical and electrophysiological tools to characterize the subcommissural VP over its rostral-caudal axis, and showed that in more medial slices of the VP the histochemical and the electrophysiological maps do not completely overlap. The most rostral part of the VP as defined by enkephalin immunoreactivity contains a few cells similar to previously reported VP cells (Lavin and Grace 1996; Pang et al. 1998 ) (type 1 neurons), but is largely composed of cells that show very different electrophysiological characteristics (type 2 neurons). Thus, the rostral subcommissural VP contains a mix of typical VP neurons and other neurons that differ in their morphology and electrophysiology from typical VP neurons and resemble spiny neurons found in the adjacent nucleus accumbens and extended amygdala. In contrast, the rest of the subcommissural VP is homogenously composed mostly of type 1 neurons and exhibits typical VP characteristics. The border between type 2 and type 1 rich areas in the medial slice of the VP did not overlap with the border between the known subregions of the VP, the VPvm and VPdl. While the VPdl in the medial slice was largely composed of type 2 neurons, the VPvm contained both cell types, with type 2 predominant in the rostral and type 1 most common in the caudal VPvm. The finding of a mixed area in the rostral subcommissural VP that is distinct from the rest of the VP is supported by several lines of evidence and, as discussed below, affects the interpretation of already published work and the design of future work.
Is the rostral subcommissural VP a part of the VP?
In contrast with the rest of the VP, the rostral subcommissural VP in the medial slice used here (1.90 mm lateral) contains a heterogenous population of neurons. One subtype of neuron (type 1) resembles neurons in the rest of the VP, but a second subtype (type 2) shows different passive and stimulated electrophysiological characteristics. While both cell types could functionally belong to the same parent region (the VP), it is possible that this mix reflects a ''leakage'' of cells from an adjacent region into the VP. Although type 2 neurons are located in the enkephalin-rich VPdl subregion and the rostral VPvm, they appear to be more similar to neurons in the NAshell, which lies on the rostral border of the VP (Heimer et al. 1997b; Tripathi et al. 2010 ). The NAshell is composed mostly of medium spiny neurons (Alheid and Heimer 1988; O'Donnell and Grace 1993) that show remarkably similar characteristics to type 2 neurons. Type 2 neurons and NAshell cells have spiny dendrites of medium length (*200 lm). Also, both types of cells show similar passive electrophysiological properties, including a hyperpolarized membrane potential (-70 to -80 mV) and relatively low (\180 MX) input resistance. Lastly, similar to NAshell neurons (Fuller et al. 1987; Yin and Knowlton 2006 ) the major input to type 2 neurons is glutamatergic, and not GABAergic, as it is in the rest of the VP (Churchill and Kalivas 1994; Groenewegen et al. 1990; Heimer et al. 1991) .
In addition, the type 2 neurons could also belong to the extended amygdala (Alheid 2003) . On its rostrodorsal edge, the subcommissural medial part of the VP borders with the interstitial nucleus of the posterior limb of the anterior commissure (IPAC). This area, which belongs to the lateral part of the central extended amygdala (Shammah-Lagnado et al. 1999 , contains cells that are indistinguishable from NAshell neurons, both morphologically and in terms of connectivity (Alheid and Heimer 1988; ShammahLagnado et al. 1999) . Interestingly, the convergence of the rostral subcommissural VP with the caudomedial NAshell and the extended amygdala has been regarded as an amygdalostriatal transition zone that contains a mixture of striatal and amygdaloid cells. Heimer et al. (1997b) wrote that this area shows an ''apparent mixture…between ventral pallidal and extended amygdaloid elements underneath the posterior limb of the anterior commissure''. Based on histochemical resemblance, the extended amygdala includes the caudomedial NAshell (Alheid 2003) . If that is indeed the case then the spiny cells we found in the medial slice of the rostral subcommissural VP might be functionally part of the extended amygdala. However, the caudomedial NAshell and the extended amygdala have been suggested by Zahm (1998) to be two different structures, indicating that further functional and anatomical delineation may be necessary to determine exactly how to classify the neurons at the more medial levels of the rostral subcommissural VP.
Implications for past and future studies
Anatomy studies in the basal forebrain have shown that in spite of clear staining differences between the VP and adjacent regions (Alheid and Heimer 1988; Tripathi et al. 2010; Zahm and Heimer 1988) , the boundaries between the VP and adjacent regions are less definitive (Alheid 2003; Heimer et al. 1997b ) and mixtures of cells types around the borders of the VP exist. These studies used histochemical and morphological features and did not supply evidence that the morphologically different neurons also differ in their electrophysiological properties or in the input they receive. The present work shows for the first time that at the more medial levels of the subcommissural VP the rostral pole contains some typical VP neurons and is largely composed of other neurons (potentially NAshell or extended amygdala spiny neurons) that differ in their electrophysiological properties and their synaptic input patterns. This should be taken into account when interpreting or designing behavioral and electrophysiological experiments in the VP. Although the majority of the studies in the VP to date have been largely restricted to the more caudal VP (for example, Kalivas et al. 2001; Robledo and Koob 1993; Taha et al. 2009; Tindell et al. 2006) , there are also a number of studies showing differences between the rostral and caudal VP (Cromwell and Berridge 1993; Root et al. 2012a; Smith and Berridge 2005 ; see review by Smith et al. 2009) . A summary of the work describing rostralcaudal differences in the VP (Smith et al. 2009) shows that the caudal VP contains a ''hedonic'' spot, in which injection of a l opioid receptor agonist increases hedonic reactivity to sucrose (Smith and Berridge 2005; Tindell et al. 2006 ; although see Zahm et al. 2012 who suggest this hedonic spot to involve the lateral preoptic area or a transition zone between the caudal VP and the lateral preoptic area rather than the VP alone). In contrast, injection of the l opioid receptor agonist to the rostral VP suppresses hedonic reactivity (Smith and Berridge 2005) . In addition, it was found that during cocaine self-administration VP cells show various firing activity patterns. After pressing a lever to selfadminister cocaine, the majority of cells show a change in activity followed by reversal of the activity that was completed only before the following press (termed ''progressive reversal''). These cells were located mainly in the caudal part of the VP. In contrast, most of the cells in the rostral VP exhibited ''early reversal''-the reversal of the activity change was completed shortly after pressing the lever (Root et al. 2012a ). These rostral-caudal differences could be caused by a different distribution of the l opioid receptor (Olive et al. 1997) , different levels of enkephalin (Holt and Newman 2004; Maidment et al. 1989) , a different ratio between cholinergic and non-cholinergic cells (Bengtson and Osborne 2000) , and/or different connectivity with the nucleus accumbens (Churchill and Kalivas 1994) .
Importantly, the present study raises the possibility that measurements from or manipulations of the rostral VP likely include neurons that might belong functionally to other regions. For example, using the coordinates in the present study for dividing the rostral from caudal VP in the medial slice (Bregma 0.0), the rostro-caudal division in the hedonic responsiveness to microinjection of l opioid receptor agonist could correspond to the effects of stimulating l receptors on type 1 versus type 2 neurons (e.g. see Fig. 6b of Smith and Berridge 2005) . However, the anhedonic spot may not include nucleus accumbens-like cells since activation of l opioid receptors in the nucleus accumbens proper leads to increased feeding behavior (Hanlon et al. 2004; Pecina and Berridge 2005; Taha et al. 2009; Kelley 1997, 2000) . Unfortunately, few experiments have been conducted in the IPAC where neurons appear to resemble the rostral VP, and it is unknown if stimulation of l opioid receptors in IPAC cells leads to a decrease in feeding behavior akin to the rostral VP. Also potentially supporting a potential role for accumbens-like type 1 neurons in studies showing rostro-caudal behavioral differences, the more medial part of the nucleus accumbens shell contains cells exhibiting ''early reversal'' patterns following self-administration of cocaine ) similar to rostral VP cells (Root et al. 2012a) . Clearly future studies need to be designed that specifically test the involvement of the rostro-medial type 2 cell group in the VP in these and other rostro-caudal behavioral distinctions.
In conclusion, we present here the first systematic electrophyisiological mapping of VP GABAergic neurons in the adult rat brain. We show that the more medial levels of the rostral subcommissural VP contain neurons that have electrophysiological, morphological, and synaptic input characteristics distinct from other neurons in the rest of the VP. Specifically, in spite of their presence in the region staining densely for enkephalin immunoreactivity the type 2 neurons in the rostral VP in the medial slice, including but not restricted to the VPdl, resemble spiny neurons in the adjacent NAshell and IPAC, and may thus function more as part of the extended amygdala or NAshell (Alheid 2003; Heimer et al. 1997a, b) . These data complement and extend the general idea of transitional areas around the boundaries between regions in the basal forebrain that was developed using anatomical and morphological methods (Alheid 2003; Heimer et al. 1997b) , and supply electrophysiological evidence indicating mixture of striatal and pallidal neurons in the rostral subcommissural VP. Such findings may provide us with better explanations for behavioral differences found between the rostral and caudal VP in previous studies, and will aid future behavioral and particularly electrophysiological experiments in investigating the different subregions of the VP.
